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ABSTRACT

An sigemedar methed for vorex idemification [1] has be=n
applid 1o receni numencal and experimental stodies in exiernal
flow asrcdynamics. U & shown 1o be an effective way 1o sximcl
and vispalize feajmres soch as worex cores, spiral vorex
breakdowns, vorex borsting, and wvortex diffosion. Sevenl
problems are reparied and illosimted in the accompamying video,
These inclode: dEjeimed line s=gments, deteding nervorical
flow teatnres, and vorkex core displacement. Fotore research and
applications are dEcmsed, soch as ming vorex cores 1o goide
amomatic grid refinemend.

1 INTRODUCTION

Lnvestigators have med 1he concepl of swisling flow as one of the
means of lomating voricas in 3-0 discretizad vector fiekds. These
fratores lmve tmditiemlly been identified by stodying veciar
fizld= 1hat have besn mapped anie geomedric cois or by sesding.
ma=less parficles and looking for helical patierns. These
procedmres can be bboricns, sspecially for largs andior compleax
flows, and the fime faken ming these methods is forher
exacetmisd by nmtady (1amient jsimuolations where there may
be tmndreds of fime seps of the veciar field.

Warons 1ools and algorthms have been developed by many
imcestigators, incloding Moin and Kim [2] [3], Villas=nor and
Wincent [4]. Globme, Levit, and Lasinski [5], and Banks and
Singer [4] [7] and Jeong and Homain [§). Forvanoms reasoms, all
of1hese schemes fail 10 find vortices in an antomated and robnst
manner.

To reduoce the analyse time of large daa-sei=, anicmatsd
a=ssisiance is reqoired 10 print ooiarsas of potemizl i merest within
the flow fizld. This shond not require 2 heavy compme barden
{(1he vismakzatizn shan M ned significanily slow down 1he salmicon
procedmre for co- processing & meironments [16]). An algorithm of
1his ty pe, based on sigemyecior analysis, was devek ped by Sojpdi
and Haimes [1]. The scheme works on a cell by czllbasis, lending
ialf 4o dEirboed and pmllel processing. 11 doss nod m=amy
seral operations, mnlike +2ch mgqoes that inve bve i mMegmtion, and is
dederminesiic, 'Enll],- amomatic (no ‘pammeders’y and creates an
effective visnalization with mimimalom poi.

L NASA Ames Research Canier, Mail Stap T274-2, Moften
Field, Ca 90 35 [davidk @nas.na= . gov)
hil p:¥fsnience.nas.nam. go v/ Gronps =T ech

? Mamachmetz lnstite of Technokgy 37-447, 70 Vassar &1,
Cambridge, Wa 02139, (mimes@onil ke mit.edn)
htip:¥raphasl mit.ednfmimes. ml

Robert Haimes"
Ma==achu=atts Institute of Technology

Thiz paper pressaniz applicatiors of 1he sigemiecior method 1o
recent asronantical Sodies at MASA Ames Ressarch Cemer. s
nzefolnem for detecting flow featmres moch as vorex cores, vorex
borsk, spiml vordex brealdowms, and worex diffosion is
highlighed. Probbems with the #schmgoe are ako address=d, and
fotore research nesded 1o improve 1he resuling visnahzations is
idemified.

2 THEORY

Critical poims are defined as point in a veckor fizld whers 1the
siream line slope is indeterminate and the velocity is 2ero relative
1o an appropriate absener [9]. According o crtical poind theory,
1he sigenialoes and sigemiecioms of the e o deformationtensar
Mjidky evalmiedat a critical point define the flow mitern abom
1hat poini. Epecifically, # 1he eigemysiem displays one real and
one pair of com plex-conjogale sigemaloes, the flow forms a
spimakzaddle mitern. The twe sigemiscoms corresponding + 1he
pair of coo plex-co njogale sigamvaloes define 1he plans on which
1he flow swirls, while the sigenvestar correspanding 4o 1he real
sigemiate poimsin the direction abont which the flow spimls.

Theabove critera can be nsed 1o find the center of swir ling flows
lecated at critical poims. However, critical poims may enby boond
a vorex line, bm thers is obvicnsly swirling flaw ai nencrifical
points. Fordomiely, a similar methed can be applied in these
mases. Al a norcrtical poim with the pecesmry eigemialoe
combination [ie., one real and 1wo complex conjogates) the
vebocily in the direction of the sigenvecior corresponding 1o the
real sigemate (1he axk of rotion) is sobimcted from 1he local
velociiy fizl. The imvarance of 1he sigenvecios’ diredions with
respect 43 2 Gakikan tmnsto rmation ensores 1t 1he resalting flow
will have 1the =ame principal directions. 1, in thi local vecar
fieH, 1he velocity af the point being commidersd & 2er0, then the
poim most be at 1he cemar of the swirling flow. By decomposing
all mesh zlkmems ink #imhedm, and assoming a lecally linear
velocfy field, a constnt mieofdeformation 12nser can be
evalmisd. 1§ an axis of rofation pierces a seimhedron, 2 line
segment is consirocied befwesn the points whers 7 imMesecs the
faces. For the detaik of 1he implementation === Sojudi and
Haimes [l]. This scheme i net wnlike that soggesi=d by
Savada[ld].

The =nd resnli is the distillation of 1he 2mire vecior field inke 2
series of dEjoim line segmems. The data compression & mmlly
mare than two arders of mag mitode and 1hersfore sasy 10 slore and
qmid 1o disphy.



3 PROBLEMS

Seveml problems have been idemified with the 2 pproach. These
inchode:

Mat produsing sontiguaus lines. The methad described
above, by iz minre, dees nod prodoce a comignons line for the
vorex core, This & doe 1o two reasoms. (1) The algorihm requires
it all #lemems be sbdivided into 1eirhedra =o that the vedior
fi=d can be represemed by a linear inferpolation fonctizn. For
elemems other than #=imhedm, 1the native interpolation fonctions
ar= non-linsar. Sobdividing pyramids, prisms, h=xahedm and
higher-onder elemens imo ieimhedm prodoces a piscewise linsar
approximation +o 2 non-tinsar fonction. (23 The sigenveciors of 2
linaar vactor field are constam and will tharsfors be dizso minoom=
at shared faces betwesn #imhedm. Doring the methed, when the
real eigemvertar (fram each cell) is sobimcied from the vedor
valoes ai the shared nodes, this prodoces a slighily ditferent
vebocily field for that shared face. Therefore a different kocation
may be found where the axE intersack 1he face.

Logating flow features that ame npot vortices. The
sigenvedtor meihod finds centers of swirting flew (of which 2
vorex core & the prime example). There are other sitoations
where swirling flow is detecied, specifically in 1he formation of
bonndary kyers. Wos implememations of thi 1schnigoe do nod
process oxlls 1hat ©onch solid boondares + avoeid prodocing line
segmens in 1these regions. Bol this does not ahways solve 1the
problem. 1n some cases (where the bonndary bByer is large in
comprisynio the meshs @cing ) ihis boondary hyergenemtion &
still found. A prime sxampl can be s==n in 1he video of the
rolling d=ha wing alongihe fomebge.

Benaitivity to other non-losal wectar features. Critical
poim theory gives one chssification for 1the flow based an 1he
local flow quamities. 30 points can dEplay a lmiled nomber of
flow 4o pobogies inchding swirling and spirling flow, sxpansion
and compression (with sither accelmtion or decelertion). The
flow om=side this kel view may be more complex and have
aspecis of all of these com ponenis. The lemal clamification will
depend an the sirongesi 1ype. Also i there are fwo (rehtively
=1ro ng) axes of swirl, 1he scheme will indicais a rotdion 1t & a
combimiion of these refafion vedoms based on the relative
stranglh of 2ach. This has been re pored by Reth and Peiken [L1]
where the ovenll vorex core sirength was not moch greaterthan
1he global corvatore of the flow . The effer of the combined corls
was 1t the vorex core was di placed from it 1rme center.

4 APPLICATIONS

4.1 NumerlcallExperlmental Study

Both numermal simolations and wind 1onnel 1258 are rominely
rmn 1o sudy new aircrfi designs. The com mrsons dmawn
betwesn 1he mumerical and experimenial resolis are typically
bassd on qmnifiative dat, soch as the maximom difference in
corecenierine velooity, which provide relatively hitle insigh.
The most widely ns=d #=chniqoe for finding the vorax core &
comind comons of crom-flow velesity, is, the velocity in the
phlne parpendicnbardo 1he free-siream oronsed flow (Fig. la). The
vorlex coreis lomated ai the poink where the cross-flow velociiy
is a mimimom. The main problem with this #chmqoe is 1hai 1he
mimimom & difficolt 10 detest when the vorax iz close 42 the
wing, 11 & in these regions where asronantical = ngineers mve

fom nd 1he vorex core sximction fchmiqos 4o be most mefol, since
ihey ;animce a vorex o fis ariginin the baondary layer.

Comparsons betwesn nomercal and experimental resols ar
irditiomlly done sing side-by-mide images. Fignres la and lb
show resnh= from mmerical and ax perimantl stodies of a2 wing
1ip vorex [17]. The ex perimentl dat was acqoired with a hot
wire anemomederin a 32edE inch wind 1onnel. Velociies wers
sam pledon an L lx21lx29 grid, with the closesl spacing in the wing
boondary layer and the primary vordex core. The CED grid
comainad maore than 370 fimes a= many poims with dimensions
L15x1&% 115, Mode 1kt the low resclotion of 1he experimental
data-sei prodoces chyviom adifacs when rendering colber comonrs
and males i1 dithcoh 10 compare 1he resnls. By overlaying the
1D vorex cores inihe mme image (shoven in 1he video), soentisis
have foond i1 easier 4o draw compariso s betwesn the 1w ty pes
ofdata. 1n the case, the velociy ak ng 1he vorex core was shown
1o be within 3% of 1he ex perimemal rezohs.

42 Splral Yortex Breakdown

The abilily 1= fliy and mansmver a1 high angls of athck has
dEfind advamages in a=rm | combai. However, 1he azrody mmics
and conirol responsesin the nose-up atifinde are very ditferent
from those in kvel flight. Momerical simolation is being nsed 4o
stody aircafl manenver asrcdy mmics in this regime. The video
shows one =och simukiion -- 2 d2Ha wing aircafi nndargringa
roll 21 =30 deg. W shows tweo vorlices being shed off1he nose of
1ht deba wing. The sciemEl who stodied thie flow infialbhy osed
{ime-accuales parfick 1acng o visoahze the vorioes (Fig. Za).

To makes an =ffecifve vismltation with parficls mces, the s==d
letio s had 1o be foond by iral and error. The sodden dis persicn
of pariicles afi of 1he kading edge revealed thal vorex brealdown
cocmrred on both sides of 1he wing, The vorex cores eximcld
from this data-==1 (Fig. D alss reveakd the vorex breabdewn,
although ne hmman intervention was nesded. This 1ype of
breakdewn is acdmily called a =piml vortex breakdown for
abnvions reasams, and is clkarly vEble in1he video. The vardex
cores wers exirackd independem by from each of the 800 soloticon
fils, and playsd back ssquemilly 1o produoce the ammation. 1n
icdal, this data-=aq reqoired over 13 gigabyies ofsiomge, whils the
vorkx copes reqmired ks than one percem ofthis.

43 Locating a Vortex Burst

“arfices can prodoce ondesimble effeds soch as redoced |ifL
comrol boffeting., andib b noize and airfmme vibaticn. The later
eftecd cansed a seriows problem on the FAA- LS fighler aircmfi
when flying a1 a high angle of attack (=30 deg). The vorial
flow which criginases at 1he from of 1he wing from the kading
edge extension (LEX) was found 10 impac @ nthe verizal fins and
lead 42 early siroctoml failare (Fig. 3). To remedy 1his problem, a
small impexcidal phie, called a fence, wasattched 4o 1he LEX 1
ditosb the aiflw and redoce the 1ail boffeting. The fence for the
FrA- 18 was developed throngh wind-1onnel sxperimems, boi 1he
underhying physics was not well ondersiced, CFD simo biions are
now being done 0 sindy ths phenomenan [13].

A crocial featore 1hat 1the asro muotical &nginears were koking for
inihe CED simulation was the lemtion of 1he vorex bomsi. This
oo whers there & flow pverml, 12, 1he 2ir iavels opsiream.
The lomation of vorex busi & chamderized by a signifizni
changes in the direcian ot the varex core. This can be readily s==n



in the accompanying video . 1 shows that the core remains almos
stfiomary op nmil 7l reaches the fance, atier which the core fis= i
begins o spiml.

The vorex cores sxiackd from this daja-s=1 reveakd many other
imeresting f2atmres in this flow, soch as the vorfices s2pamfing off
1he leading =dge flap and 1he vorices entering the 2ngine intales.
Ahhzoghihese were nod relevaniio thes stody, these are impodam
1o aircrati designers in that they counld have a negative impaci on
mansnverbiliy and on 1he engine's parformance.

The complex geomesiry of the F-l& was modelkd ming a
collection of 14 s=pamt grids contining 1.7 million grid paims.
A dotl of Hd fime steps dat wers saved duoring the simobiion
which required 10 gigabyles of disk space. The worex core

geomeiry required only 180 megabyes of sloage.

44 Yorex DiHuslon

The vorkex core deleciion #chmqoe & being applhied o solve one
of the mest challenging problems in roercmfl CFD: accomis
prediction of1he rodor wake. The rotor vake is the dEfombed flow
ihai is l=fi behind as a rodor blade cots throngh the air. The wale
ralls op into vortices near 1the blade fips doe 10 1he pressare
differences cammed by 1the moving rolor. A major problem with
CFD simubtions of rotorcraft & that the 1ip vorices diffose oo
quickly doe 1o inadequate grid resclmion. Adaplive grid
refinement schemes [L5] hawe been parfially =mocesstnl in
capioring 1hese vorices, althongh inadeqmie grid resahifian
aronnd 1he vorkex core still canses discrepancies from
experimental results.

Fig. J shows the vorex cores for a helicopter roter in hover, The
mesh med in this simulation was refined based on the voriciy
magnitude. This 1orned coi 10 be a poor criterion for mesh
refinemeni becanse the high vorficiy magnitods near the rotar fip
leads 42 400 mamy poims being inseried in 1hai regicon and foo faw
in the downsiream wake. 1 can be ===n in 1the vizsmakization that
1the vorex cores, which origimie at the rodor 19 ps, progressive y
ditfose as they are k# behind in the rodor wake. Thi diffosion &
reflectsd in 1he coherence of 1he line segmenis, i 2, 1hey become
more disjpimed as the vorex wealens, BExperimental resulis
indicate 1hat the 1riling vorex from 1he retreating blade shonld
imer- with the advancing blade. 1n Fig.J, 1he grid & sofficienily
refined =0 1kt thers is evidence of 1his blade vorlex inkemction.
Heowever, the mesh refineme=ni {echniqne nsed in 1his simohiion
did nol completely captore the vorex core, as can be s==n in the
vEmlmation. Accurmie prediction of the bladevaoriex intemdion
izimporam beawe 1 is responsible for most ofthe andb e noEs
prduced by rodorcrafi.

5 COHCLUSIONS AND FUTURE WORK

The sigemvedior approach [l ms proven 1o be an effedive
fechniqoe for locating vorlex cores in many real-woerld
applications. However, the problkems omlined in ss=dion 3, soch as
the appearnoe of disconfimons line segments and 1he inrfloence
ota corling fhew, require 1hat 1he nnderhying theory be revisited.

DiEcrimimiicn and iss btion of imparand vorex coses 45 anciher
ar=a 1thai nesds addreming. Fresenihy, all the vorex cores are
extracied from a given data-sed, which prodoces an excessive
amonn of dat in very complex flows. In the case of the FA- 1S,
the majority of the vorax cores were irrelavant 12 the siody and

chitiersd the vismakization.

The vorex diftmion problem encomniersd in the rotorcrafi
simubkiicns will be jackled by linking the vorsx core eximciion
code with an omeinanresd grid adapttion code [L5]. The vorex
cores will be wsed 1o gmide 1he grid g=n=miin by id=ntifying the
regiom of the grid 1kt nesd refining or coarsening, Thi proces
wi |l awccmr andomatically doringihe flow compoiations.
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